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ABSTRACT

The efiecis of shock-induced boundary-layer separatimf on launch vehicle aerodynamics
have oeex studied. At high subsonic speeds, loca! supersonic flow regions existing aft
of conz-cyiindey shoulders are terminated by a normal shock. The resulting boundary- )
layer separation is shown to change the vehicle aerodynamxcs and can drastically affect
the launch vehicle dynamies. At supe; soric speeds, boundary-dayer separation is
“caused by shocks generated bv interstage conical fau*mgs. This flare-shock~indy ;i
aeparatmr does ot have the classically assumed amsynnnehv but contains diserete
vor tices, requiring a reevaluatxqu of existing analytic metheds. W is found: that a )
formulation is possible for the aeroelastic characteristics of Saturn launch vehicies

that in most cases will give satisfzctory predictions. Further work, however, is '
needed to align the analytic methods with this new more realistic structuye of separated

flow.
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The results of a stady ;é réfiué analytic methods for determination of the aeroelastic
eharacterigties of Satura launch vehicles are reported. The rmiasi-steady lumped-
time-lay theovy “developed earlier Is extended to include effects of shock-induced
separation where accelerated-flow induced delays of ghe flow se;;aratiou, .espee.ially.

in she case of terminal rgofmal shocks in mixed flow regions, can have appreciable
effects on the elastie vehicle dypamies. Scine of th: results of the study have already -

_ been veported in detail in interim reports. In that case the results are only summarized
‘ in the present report, but otherwise the results of the stu&_v axe reporte& on in full.

It is found that tae classical picture of axisylﬁ;netric separated flow which experiences
' émall periurbations from axisymmetry at angle-of-attcek is completely false. As a -
rule, the shock-inducad éepara_ted' flow regions contain large-scale vortices already

at zervo angle-of-attack, and the vortex geometry is changed dramatically, and not
vexbucbed orly slightly, when the angie-of-attack deviates from zero.

Tae impact of this new flow picture on previously developed analyiic tools is discussed.
it is found that the comprter program for aeroelastic characteristics of Saturn launch
vehicles =s it can presently be formulated is sufficient for most applications. How-
ever, tnere are limitations which should be remove&. A more complete formulation

of the submerged body loads is needed to account for the efects of the discrete vortices
contain&gd in the viscous shear layer.
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The separated‘ﬂow regmns on the Sat‘urmA‘poi : aﬁm,h xehlcle g’enefated ny t‘he towsr:
mounted ese. pe réeiet and interstage conical’ imrmgs can have\a dommant mﬂuenee
on tnwe;astm ve‘hmle dynamics (Re 1) Because the Full—st,ale‘vehwle is hkely to” - -
have undergone des‘gn c‘hanges afler the frecze of L‘fne mode’l‘-‘démgn an anroelact’ic
wmd tunnel test gan, Jfter not Be extrapolated to i.xll e'-ale w'thoutzan an.ulytm theory :

.,hutu.glude., j:he com‘bmed effects of chdlged geomet-ry, i‘lruuc e!\ane -md vehuﬂe T
trajectory. ¥ Tn mew of the'-:g dlfhculbles, Marshall Space I‘hght Center (MSI»C\ con-
tracted Locitheed Missiles & Space Company to Gevelop the needed analytic means

(Contracts I&AS 8-5338 and NAS 8-11238) B e L ST

[ol s
. el ) T : .

The quas.-—steady-conﬁtantutunewlag dieorv éeveioped by LMSC proved capa‘.,lc f‘*pm-
dutmg the aeroelastm characterlstms measured m ‘the wmd tunnel test (Re£ . 2).’ Eails
scale characterlstx\,s coulc( there fﬂr\.; be predxete‘”d»thh confldence by Va'miytw extraw;
oolatmn from the wind-tunnel data {m,f 3¥ Late; checks of the 3 x(llVldu,cL separated -
‘flow regmns showed that the adverse \:ffthSCOf the escape ock@t w\ake on escape
vehlcle dynamms ‘is well ;:red_\,ted by the L’VIQC theory (Bef Yy, o )
The present work is aimed to check in detaﬂ another- type of” separated row eznstmg on.
the Saturn Apollo Iauneh vehicles, i.e., the shoelc-mduced bouuaany-‘ayer separam
The shock can either be the normal shock termmati.‘g a local supersonic speed regic

at subsonhic vehicle veloclt).es or the obhque shock generated by a comcal mterccage ¢
fairing at supersenlc speed. A vaview was made of exlstmg theoretical treatmerts of
shock—indirc’éa separation and their agreement with experimental .re‘sults (ilef . B), and
the shock-induced separation on cylinder-fiare bodies was investigated by controlled
experiments (Ref. 8). The steady and unsteady éerodynamic offects caused by the
termipal shock on cone-~cylinder forebodies at highﬁ subsonic speeds were the subject

v



of another interim report (Ref. 1), and the results were appiied to Lhe analjsis of the
bxcomc payload shroud characteristics on the Saturn iB 1aune’ﬁ velnele perfozfmed

undér Contract NAS &~ 11238 (Reis. 4 and 3). As repm'ix,d in R»PfL 9 the modrﬂcatrons e

of the aeroelastic eomputer wda needed to accomnsoﬁaue the results of the preseﬂh efn-: .

fort for a more realistic ireatmem of shock-mduced separaﬁaon, nfeludmg upstream .

communication effects vere mcorporated together Wwith ﬂ*e varmus other rﬂfmementﬁ

€ .

resulting from the} off s under Contract NAS 8-71‘143§ -

1_,\nefs 5 6 and 7)

Cean

The pre.,ent report summar‘zes S the’ results detalled in the above mterlm reports




Section 2
DISCUSSION -, ~ ANALYSIS AND RESULTS

2.1 METHODOLOGY

Whea model test data are used to predict full-sczie serodynamics, the scaling problem -
always causes cancern, especially whea flow separat;:on_ is involved. As established
by review of the literature on separated flew (Ref. 3), it is now we¢ii accepted that both
turbulent and laminar separations increase with increasing Re nolds number. Since
tne turbulent separation is much smaller in exteat thau the lan..nar, the effect of
Revnolds number must be the opposite when boandary-laver fransition occurs in or
near the separated flow region. The data by Needham :nd Stollery (Ref. 10), as weil
as the iind;’::gé of other investigators, imdicate that the effect of Peynolds number in
“lze latter ¢ se is an order of magnitude stronger than in the case of truly laminar or
turbilent boundry layer senarations {Fig. 1j. The great zsimiiazity betwecn the
sepavaiicn length dep.ndence on Reynolds asumber (Rej and the classical dependence of
_s.kin Eciction (ci), Ce = f{Re), is noi coincidental. Chapman and others Ref. 1i}
have shown that the separated floaw length scale ean be normalized using the local

skin friction to take case of Reynolds number effects (Fig. 2). 4 "

The prime moiivation for the review of theoretical treatments of separated fiow (Ref.
5) was to find a basis fer an aealytic formulation of the uisteady behavior +f shock-
indrced separation. Of particulsr concern was to determine under what conditions
self-ustained shock oscillatiors would be possible. Appendix B defines this so:c;'zlla(f_’
exitica! freguency; Trilling's incident shock treatment (Ref. 12} is extended to the
separation in a compression corner. It war Diund thai the exhaust plume-induced
separation on Saturn V at high altitudes could have 2 critical frequency nezar the range
of the so-valled POGO oscillation. Conseguently, extensive oscillations of the sepa-

ration pocket and the associated obiique shock might be possible as a result of coupling
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betwoeen the POGO osciilavion and the self-sustained oscillations of the plume induced
separated flow “pocket . However, as will be shown later. this "two-dimensionai”

treatment of a separatcd flow region is unrealistic.
2.2 UNSTEADY TERMINAL SHOCK FEFFICTS

The cone-sylinder is a payload shroud geometiry ofien suggesied by both the aero-
dvoamicist and 2 aevoelastician becanse of its “clean™ aerodveamic characteristics.
it is truc that slead r cone-cylmder bodies normally do not cause any aerodynamic
problems. Howcveo, there is one exception. At ikigh subsonic Mach numbers, the
normal sho s e+ sting the local supersoiic speed region aft of the cone—i:yl.inder
shouider causes oundaryv-layer separation (Rel. 13 and Fig. 3). When the angle-of-
aitack is increas>d above a critical value, the leewart side separation jumips lorwarsa
to the cone-cylinder stouulder.” The large discontinuous load change can be appreciated
by comparing it with the effect of increasing the «az'e of attack from a = 0° to

a = 2°. -

The jump to complete lesward side separation occurs ai higher angles-of-attack the
more slender ihe foref ndy is. At angle~of-atiack, the leeward side shock meves for-
ward of the wirdward side shock gener.hing a negative cylinder load {Fig. 4a). This
is contraiy to the expected effect of the increased leeward side Mach number at angle-
of-attack, as an increase in free stream Mach sumber moves the shock back {Fig. b).
The forward movement of the lee vard side shock ang the associated boundary-isver
separation result because the leeward side boundary laver is thickened and weakened
through forebedy crossflow at the same time as the adversity of the pressure gradient
is increased due to the increased suction peak on the leeward side cone—é_vlénder

shoulder.

Reference 7 shows hoi the inviscid shock position can be computed and, thereby. the
separation inGuced ciiects can be determined. Figure 5 shows how aoplication of the
exponential decay concept uged by Syvertson and Dennis 2t supersonic speed {Ref. 14)



Fig. 3 Effect of Angle-of-Attack and Cone Angle on the Aerodynamic
Characteristics at Me = 0. 89 of a Cone-Cylinder Body With
Separated Flow
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can enable cite to deseribe the normalized pressure discribution aft of the cone-
cviinder shoulder by one simple analytic curve.

Assuming free stream pressurz nehind the normal shock, its axial location is deter-
mined, and the separation-induced shock moventent can ve extracted frcm the experi-
mental data {Fig. 6). Thus, the separation-induved aerodyramic force derivatives

can be computed (Fig. 7).

In the unsteady case, the boundary-layer buildep is deiayed through finite convection
time lag and the adverse pressure gradient buixdui) is delayed through accelerated
flow effects (Ref. 7). As a resul!, moderate statically stabilizing separation-induced
forces can have large undamping or dynamiczlly destabilizing effects. In the case of
the sudden complete leeward side separation, the adverse dynamic effect can become
especially critical (Fig. 8). The experimentally cbserved sudden loss:of serodyvnamic
danlping of a Saturn I booster with Jupiter nose shroud was probably caused by this

sudden separation phenomenon (Fig. 9).
2.3 FLOW VISUALIZATION STUDIES

In conjunction with the theorztical investigation of shock-induced separation, an experi-
mental test program was undertaken ioc measura the upstreamn cemmunication velocity
in regions of shock-induced separation and its effect on the fiare damping. Before

any guantitative data were acciuired, a flow visualization study was undertaken to pre-
cisely determine separation locations for the‘plaCement of instrumentation. The flow
visualization results were dramatic. They revealed the existence of large scale
vorticity in a plane orthogonal to that assumed in the classical axisymmetric model.
(Coe has also observed a similar phenocmenon, Ref. 15.) These vortex pétterns proved
to be exiremely sensitive to angle~of-attack. The two pairs of circumferentially
distributed vortices observed at ¢ = 0° (M = 1.2, and cylinder length ¢ c = 2;
became a single leeward side pair at @ = 4° (Fig. 10). These strong fseward side

vorticies appeared to be fed fromn the windward reattachment zone and were shed into

10
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the wake over the leeward tlare shoulder (see flow sketch inset in Fig. 10). Further-
more. the orientation of the twin vortex pairs at @ = §° werc rardom {(compare
Figs. 10 and 11). For obvious reasons the flow visualization portion of the test

s~hedule was greatly expanaed.

Similar intcresting resuits were obtained for nose-induced separation at M = 0.9.
Figure 12 shows that the flow at @ = 0 over a sne-caliber cyiinder is not strictly
axisymmetric. if one judges from the streamline curvature near the cone shoulder

and in the reattachment zone on the flare (Fig. 12a). Fitching the flare causes an
inclination of the streamlines in the recirculation region opposite to the flare attitude
{Fig. 12b). Thus, the "flipping" of the wake {Refs. 17 and 18) and of the nose-induced
separation (Ref. 6) postulated earlier is verified, and a strong upstream communica-
tion effect is indicated. Pitching the entire cone-cylinder fiare configuration gives a
highly curved fiow in the recirculation region cver the cylinder (Fig. 22c). This flow
is redeced by an upward deflection of the fiore (Fig. 12d).* For both the angle-of-
aitack cases and the flare deflection, there is a terdency for the streamlires to con-
verge at the bottom of the cylinder at the cove shculder. Typical flow visualization
photographs of the bottom of the model give no distinct indication of shed vorticity in
the plane of the surface (Fig. 13). However, the converging surface streamlines must
be vented in some manner (i.e. . they indicate a sink). The flow model shown in

Fig. 14 is postulated. T..= separated region is vented through a pair of counter rotat-
ing vortices. At higher speeds, when the recirculating mass flow is less, the vortices
move aft and out radially, away from the windward meridian, and vorticity in the plane
of the swiface becomes evident (Fig. 15a). Simiiarly, for longer cylinders at M = 9.9,
the vortices are not confined to the cone shoulder. and vorticity can again be observed
on the cylinder aft of the shoulder (Fig. 15b).

When the cylinder length is increased further to sc = 4.5, the flow fieldat M = 0.9

changes considerabl_v. The flow over the cone shoulder is attached, but a local

*Two flow visualization tecariques are involved here. Figures 12a, 12b, snd 12d
involve an oii dot technique (Ref. 19), whereas Fig. 12c¢ utilizes a modified china-clay
technique. Here the model was spraved with a mixture of china-clav and oil-of-
winiergreen und the resulting [low patterns were photographed. I the former case,
the streaking of a series of small oil dots illustrates the flow field.

16
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Fig. 12 Flow Pugerps for Nose-Induced Separation 3 c = .0, M = 0.9




Fig. 13 Bottow or Windward Side Flow Patterns,

(=106, M=0.8
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separation is induced by the terminal normal shock (Fig. 16a). This is similar to

the shock-induced vortex patterns observed by Chevatier (Ref. 20)*. At angle-of-attack
the leeward-side mdm laver is weakened and the separation jumps io the shoulder,
giving the usual nose-induced separation flow field with its large scale vorticity (Fig.
-16b). The influence of the flare is restricted to the region just upstremn of the flare
and does not interact with the nose-induced sepurated flow region. Thur, upstieam
communication effects should not be sigrnificant at subsonic speeds for long cylinder-
flare bodies such as this.

As one would expect, the effect of upstream communication does not vanish for long
cylinder-flare bodies when the separation is induced by the flare shock (Fig. 17.
Disregardirg minor differences for the two eylimiﬁr lengths, one finds the flow patterns
‘o be tfuite similar, with neither gwizzg a definitive indication of the location of the

shed Wrﬁ”i&y,

The most striking feature of the effect of flare deflection (upwards) on shock-induced
separation at a = 0° is illustrated by the correlation between the shadowgraph and
the china-clay flow photograph (superimposed in Fig. 17 for the 4.5-caliber cvlinder
length). The flow near the tateral meridian is turned downward by the slightly skewed
flare shock, but does not separate.** The flow along the bottom of the eylinder pene-
trates the shock without separating until just forward of the fiare. Near the leeward
meridian, the flow separates in a nearly two-dimensional manner. This recirculating
flow along the top surface is pulled down by the unseparated flow along the lateral
portions of the cvlinder and converges on the bottom cylinder-flare juncture. The
flow model showr. in Fig. 18 is, therefore, postulated. It essentially describes the
flow field seen in the photographs, but proposes a pair of shed vortices (similar to the

*1t is possible that the oil dot size (the oil dot technique was used) may affect the
scale of the vorticity: however, it does not affect the basic phenomenon (i.e., the
voriicies would still be there without oil).

**The.shoc: location may be traced around the body by aannmtmg the iocus of points
where the streamlines begin to turn.
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made! for nose-induced separation on a short cvlinder) ithat vents the flow converging
at the bottom cylinder-flare juncture.* The two-cal*her cylinder shows very litlic
attached flow aft of the uiiock (¥ig. 17a). This is probably the result of the less

energetic transitional bouncéury layver.

Forebody crossflow dominates the shock-induced separation to an even greater extent
than it does nose-induced separation (Figs. 19 and 20). Crossfiow thickens and weziens
the leeward-side boundary layer oy sweeping low enersy iluid to the leeward side, and
a corresponding strengthening of the windward boundary--layer results. Thus, sepa-
ration is promoted on the lecward side, resulting in a forward m« -2ment and a v.¢~7 -
ing of the leeward side detached flare shock. The flow photogrzphs (Fig. 19) indicate

a large leeward side separation while on the windward side of the flow is attached aft

of the shock.** The wincward-side flow is then swept to the ieev ard side (by the
transverse pressure gradient resulting from tae unequal windward- and leeward-side
shock strength) after stagnating at the cylinder-flare juncture. This flow and the
recirculating separated flow near the leeward meridian ~ombine to feed larg? lateral

vortices generating essentially the same flow pattern cketched in Fig. 10.

Close examiation of 7 gs. 19 and 20 reveals that the flare, via upstream communica-
tion, has a small effect on the flow patterns. '.hat is, the existence of some minor

upstream communication =ffect is indicated. As one would expect, the effec. is 'a gest
for the shorter cylinder (¢ c = 2) because of its more sensitive tansitionil boundary

layer.
2.4 STATIC AND DYNAMIC 2 EASUREMENTS

Once on:. : .cgnizes that the separated flow field is a three-dimensienal vortica: one,

the interpretation of the fiare loads b~2cmes more involved (than when one assumes

*The existence of these vortices is indicated by the thick turbulent layer visible on the
shadowgraph which correlates with the proposed origin of the vortic.tx.

“The vorticity may play a part in energizing and reattaching the windward boundary
layer immediately aft of the shock.
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axisvmmetry). Previously we assumed that the flare load had three compouents, viz.,
ferebody induced loads (the effect of forebody crossflow}, a local load (iocal crossilow),
and the upstream communication load. The local Icad was assumed to be simply the
attached flow load that would be realized without separation, modified to account for
the reduced dynamic pressure in the separated region (Ref. 1); i.e.,

q._
. _ o~ s
Cx = Cx 25 = %y q %s (1
s a a_a
s a
where
C
A
s . _ %
QY Ca
o
a

However, if vortices are present in the wake, an additional load increment comc=
from pitching the fiare in the vortex field. Therefore, the data of Ref. 6 were re-
examined. The flare loads were measured under three scparaic conditives:

(1) Complete (rigid) body pitching (CNa) a
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(5) Flare deflection {CNGF) '51’-‘

~ i
Cy @ =Cya+Cy a+ly a+Aa'Cy a 2
' 0 *s Xy s
1 1
- i .
CN%GF = CNa 6? + CNa GF +A CNQ 61" (33
8 v, S,

where

is measured directly

is defined in Eq. (1)

A" Cy and A'C are the upstream communisation derivatives

N and CN are the vortex generated loads

Y
The inequality of the two local vortex loads (CN . and Cy ) and the upstream
{a] Vl (s § V2
communication loads (Ai CN and Ai CNQ ){ollow from the radically different
g 3
1 2

-~
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vortex patterns at a9 :nd a > 0. By oblaining free-oscillation pitch-damping
mesisurerrents of the flare and separate tim.-lag nieasureinents for the upstream

communization effect at «« = 0, it was hoped that CNy and A! CZ\‘Q could be
\'.2 52

evaluated. The damping introduces an additional unknown, the time lag: hence,
separaie time lag measurements are needed. Unfortunately, the separate-time lag
measuremcnts were unsuccessfui. Deflection of the push rod driving the flare caused
the {lare o pitch about some trim angle-of-attack. As a result, the separation shock
did not pass over the transducers during the cycle. (The shock pressures are neces-
sary to get a satisfactory signal to noise ratic.) Consequently, nu accurate measure-~

ment of the upstream time lag was possible.

Because of the observed drastic changes in flow patterns, one might expect that the
loads induced by pitching the flare couid be discontinuous at GF = 0. However, the
damping results showed only mild nonlinearities and hence tend to preclude the existence

of any such discontinuity (Fig. 21 and Refs. 21 and 22).

An attempt was made to correlate the damping resuits with the previousiy measured
static data using first-order theorv. It was assumed that at ¢ = 3° the nonlincar

induced loads (A! CNQ ) would be nearly zero: aad that one could. as a consequence
s
2

assume that the fiow could be treaied as aitached. giving proper consideration to the
dvnamic pressure deficit. The predictioas obtained in this manner were in rather pooy
agreemernt with experimental data., dyramic as well as static (Fig. 22} In the dvnamic
test. a discontinuity results at the cvlinder-flare juncture (inset sketci, in Fig. 22)
which could possibly alter the vortex induced effects. Unfortunately. the vortical
nature of the fiow was no: revealed until madel design ard fabrication had been

completed.

De:zpite the difficulties enccuntered in the dvnamic tests. we believe that the test
technigue 1s still potentially effective. Meaningful resuits could be obtained by rotating
the flare abou' the cylinder-flare juacture: th.: conditions uader which the static loads

were obtained could be dupiicated after proper redesign of the flare driving system.
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2.5 IMPACT ON ELASTIC BORY CALCULATIONS

The drastic change of the vortex patterns with flare attitude {compare Figs. 10 anc 17)
and angle-of-attack (Fig. 10) suggests that there may be a discontinuous change in the
flow field. The static data reveal no discoatinuity associated with the load due to fore-
bodv cross flow (CN " ) . and the damping results give no indication of a discontinuity
in Cy, - However. the flare loads obtained with and without forebody cross flow.
CXq-a and CN‘SF . respectively. are noticeably different, with forebody cross flow

consistently giviag the larger flare load. CNyy > ONg . (Figs. 23 and 24).*

There could be a discontinuous load change when the cylinder oscillates through a = 0.
This stepwise load input could have scrious dvhamic implications if the flare and fore-
body cylinder were allowed to oscillate separately i.e., "hinged" at the cylinder-flare
juncture. The inapolicability of this to rigid body motion is obvious. Likewise, the
elastic body bends continuously. The forebody and the flare will experience continuously
distributed cross flow. It therefore appears unlikelv that the discontinuity could be of
practical concern.

These vertical flow medels (Figs. 10, 14, and 18) should not be the source of any great
concern in regard to the elastic body dynamics. They do indicate that vortices are shed
over the flare shoulder. Howeveir, these vortices differ from free body vortices in that
they are believed to be contained within the region of viscous flow. Thug, they will not
produce coupling between upstream separated regions and downstream body features
such as fins. The vortices appear to cause a thickening of the lifted shear layer aft of
separation. This is indicated by the considerably thicker shear layer relative to the
approaching boundary layer (Fig. 25) ard by the sudden thickening of the leeward

shear layer at a > 0 as crossflow sweeps the lateral vorticies to the leeward side
{Figs. 16b and 19b).

*The local flare ioad is also included to give an indication of the relative combined mag-
nitude of vortex dependent (CNQV) and upstream communication (Al CN, ) loads.
8

{ =
See Eqs. 2 and 3 \CN"’F = CNa - CNG)‘
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Fig. 24 Flare Normal Force Derivatives at M = 1.2
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BEFORE SEPARATION

Fig. &0 Effects of Shock-Induced Separation on
Thickness of Visoous Layer




This thick shear layer causes the negative shoulder load on ait cylinders (Ref. 1). The
vorticity may also cavse the thickening of the turbulent boundary layer aft of separated
flow regions that has been observed for varicus Saturn configurctious Ref. 23). How-
ever. the thickened boundary layer should not he considered as a merhanism for coupling
betwezn adjacent separation regions except wher the intervening cylinder ic short. The
region of direct coupling is probably restricted to about the first 0. 5- to 1. 9-caliber
down-stream of the flare (approximate extent of the negative shoulder load). Farther
downstrzam. local crossflow effects begin to dominate and coupling is prevented.

Althcugh the resuits of the present study seem to pose more problems than they sol-

the outlook is not nearly as dismal as it may first appear. Tirst of all, new in.éigh*.

has been gained into the real nature of separated flow. One must certainly recognize

its vortical nature beicre a meaningful theoretical analysis, or even an effective experi-
mental investigation, ~an be acromplished. Secondly, the flow visus!ization results
have revealed that forebody crossflcw dominates the szparated flow patterns. Upstresz)
communication effects appear to be of second oruer (if one jadges by *-eir impact on

the flow field geometry) relative to foreuody crossflow effect. Thus, neglecting up-
stream communication effects, which to date we have been forced to do out of ignorance,
may not be as much in error as was previously feared. However, the large-scale
vorticity may explain the difficulty encountered in obt;aining meaningful circumferential
correlations of fluctuating pressure measurements al o near shock-induced separations.

S8



Section j
CONCLUSIONS
Present theoreticai - >chniques treat sheck-inducsd separation as an axisymmetric flow.
But results obtiined in this investigation have indicated that the flow field is vortical.

"Trus, ail existing thecretical results will have to be reevaluated in thai light.

The experimenzal results tend to verify the enncept that the (cccape 1ocket) waxe and
the nose-induced separation are heing “flipped"” by a submes ged conic body as the result
of upstream < mmunication. Furttermore, they indicate that forchaiy crossfiow tends
to dominate the sci-aration hy drasticatly changing the vortex configurations, tius
minimizing the impact of unstreanm communication Bas.d cn this qualitative informa-
tion. it appears thai neglecting upstream ccmamunication effects may in many cases he
a reasonable assumption iv the quazi-steady computations of the aerodvnamic damp:ng
of €lastic sodies. To supooct such ar assunm:gion, couc'usive jasntitative information

is obviousiy aeeded.
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Seccion 4
RECOMMENDATION FO? FUTURE STUDY

The present study drastically affecis all previous conceptions of shock-irduced sepira-
tion. Certainlyv, more basic information is needed for a thorovgh understanding of shock-
induced separation. Also desirable is detailed mapping of {he vortices, their induced
pressure field, and their variatior with bodv geometry, Reynolds number, Mach number,
apd tunnel turbulence level. Furthermore, with iriproved push rod design a direct
measurement of the upstream time lag siill may be possible from phase lag measure-

r ents of the shock oscillaticas driven by 2n oscillating flare.

Of primary coacern is the application of the separation-induced loads to elastic body
dvnainics, spzctiically to the Saturn V. Thus, any further siudy of shor¥-induced
separation should inciude the following items.

(1) Lit-rature search and theoretical investigatiur of vortices and their induced
pressures making use of the latest informaszinn obiained through flow
vistalization

{2) Flow visualization study on the forward portion of Saturn V-Agoclio vehicle
(including S-4B-SII interstage iruswuz) to discover any unusual flow features
that might res-lt from the numerous regiors oi re=taching and resesaracing
flow

(3) Fiow visualization study to investigat- the effects of various geometric and
fiow field parameters on the vorticity

(4) Continuat.on of presently unsuccessful attempt to measure unstream time
lag in regions of shock-induced separaticn with an improved mechaaical
design

(Z) Detailed static and limiied fluciuating r~~ssurc survey of external and body
surface flow fields o map vortex Lositions and induced static and fiuctaating
pressures (with special empnasis on the Saturn V-Apolio configuration)

FRZCEDNG PAGE 3LANKC NCT fls . -

<1



The study outlined above will result in a beiter vasic understanding of the sheck-induced
sepacated flow field, and v.ill define once and for 21l ine importance of upstream con-
munication effects ¢n the elastic body dynamics. it would also lay the foundation for a
better understanding of the buffet input, i.e., the fluctuating pressure field in regions of

shock-induced boundary-faver separation.
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Appendix A

NOMENCLATURE
Variables and Constants
a speed of sound, m/sec
A forebody uxial force. kg. coefficient C, = A/(pU2/2)S
c reference length or cylinder caliber, m
¢ local friction coeificient (Fig. 2)
Y total pressure, kg/m2
h height of dividing stream line, m
LC cylinder length, m
Lsep separated flow extent, m
M Mach number (U/a)
N normal force, kg [coefficieat T = N/(p02/2)S]
p static pressure, l:g/m2 [coefficient Cp = (p - p)/( pU2/2) |
P static pressure ratio, P = (p - p)_/H_

dynamic pressure, kg/m2 (g = pUz/Z)
R ,R_, Reyunolds number, Rc = U, c/v” : Rx = UexO/ve

o 2 0
S reference area, ¢ /4
u x-compouctt of local velocity, m/sec
u average back flow velocity, m/sec
U vehicle velocity, mn/sec
v v-compone.  Jf local velocity, m/zec

S ICEDING pAGE BLANK MCT v .-
RSl O o
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L

¥

ey

g)'b

bscripis

crossflow, m/sec

axial coordinate, m

boundary layer approach length, m (Figs. 1 and 2)
vertical or radial crordinate, m
angle-of-attack, radian or deg
boundary-layer thickness, m
flare attitude, radian or deg
incremental difference

cylinder attitude. radian or deg
cone half angle. radiaa or deg
wedge or flap angle, radian or deg

- . . 2,
kinematic viscosity, m /sec

dimensionless axial coordinate, ¢ = x/c and £c =

density of air, kg s:xez:z/m4

attached flow

due to boundary-iayer buildup
cone

critical

cvlinder

dividing st1 mline

local external flow

flap or ramp

at ¢ =0 ora=290

piateau
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o due to pressure gradient buildup (5 = ccnstant)

R reattachment

S separated flow

v vortex

w wedge or {lap

1 rigid body moae

2 flare defiection mode

3,4 numberirg subscripts {Fi¢g. 1)

w© undisurbed flow

Superscripts

i induced, e.g., Alc:: = geparstizn-induced normal force cceftricient

Differential Symbols

- 9P
Pe ” o
G. = fi—c—n— . C. ™~ ﬁ C = ﬂ
o da No 20 NGF BGF
aC \ JC
Ny N
( B / ye at 6 = constant
6
aa's da's ‘
Ja ® % at constant invisci® prezsure gradient

B.L.
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Appendix B
SELF-SUSTAINED SHOCK OSCILLATIONS

A simplified theoretical model of two-dimensional, steady boundary-laycr separation
was oxtended to include time-dependent perturbation in the reattachment region caused
by an oscillating flap. The analysis was similar to that of Trilling (Ref. 12) in deriving
the viscous flow parameters out differed in the treatment of the external inviscid fiow.
It was hoped that this analysis could be extended with some modifications to bodies of
revolution. Howcver, this extension hreaks down when one considzrs the existence of
vortical flow in the recirculating region. At present it is uncertain that there are any
local truly two-dimensional flow pockets irn flow over badies of revolution where this
analysis would be applicabie.

Inherent in the assumption of a twn-dimensional flow pocket is ipe Chapman-type cross
section cf a separated boundary laves sketched in Fig. B-1.

y
| e
= =

~J
X
q<

o «f\a
v = Y &
},

v =0 h i\ \\}
L 5 7 i (1L KL (] i 4 T
—
C P oS | i
P* /\
|
- i
xs xK xR Xw

Fig. B-1 Separated Fiow Profiles aad Pressure Disiribution in
a8 Compression Corner
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The - ssumptior of small, time-dependent perturbaticas from the steady state condition

allow. s one to simplifv the x-momentur: equation.

au, du,2 _ @[ 2
Mo T PVay Toax T oy (“ay) 3.1)

&long the u=0 line the shear force is assured to be relatively constant*; therefore
one may conclude that:

Q‘i' 2 - .a-E 2
oV o e, X (B.2)

Y O  \*k "%/ = *x v )
ave
where

v = kinematic viscosity
A = pressure coefficient chang: from x, to x

PR K R
¢ = average friction coefficient at u = 0 line

ave
h = heightof u = 0 line at Xk
Xy = location of the flare cylinder juncture
N = effective approach length for bound~ - layer being separated

. ——r—

*Hakkinen et al. (Ref. 24} have shown thai {21 check-induced separation, the term
(“uy)y is smali compared to the remaining quuntitie: in the momentum equation.
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The back flow velocity is perturbed about its equilibriuia value to setermine the relation-
ship between the perturbations of the other parameters in the problem. it was assuined
that changes in the other components were eithe= instantaneous o: iagged the initial dis-
turbance oy a finite timne, At. To determine if self-sustaired oscillations can exist,
the "critic'i" corditions were found at which the oscillations would conti~ue even if the
forcing function were removed. Forces and moments were examined to see if residual
forces and moments persisted after the purely forced t=rm was deleted. To obhtaio a
workable equation, it was assumed that the pressire acted over well-defined areas;
e.g.. the plateau pressure was effective up to the instantaneous reattachiuent point.

The incremental force and the incrementai mement around Ay thus become:

AF = AxR(t;t + At)[pR(t;t + At) - pp(tr + At} - (XR - xK)[pp - z.)p &+ at)]
tl - xRy — By Wil (B
AM = (tp ~ X ALt © Aflpp (it + A - p @+ 2

»

R R X R LW WOV

where the subscripis are defined as follows:

R = reattachment

P = plateau

K = flat pi te coenor

w = flap aster reattachment

the movement of the reattachment point

AXp

The position xl; is defined as the instantaneous position of the reattachment point. it
differs {from the ni7rn reattachonent position by Ax.R(t ;t + At). Siuce the increment
is a first-order term and thc dressur. increments are alsc first-order terms, the pre-
duct is of second order and can he igucred in kyz. (B.4). Therefore, :n the remainiag
developmert x.R will be repiaced by its mean value xg .



The wormalized presswres can be determined from the smal wedge gle apsiroxi-
mation for supersecuic flow. Expméding this _sqiuumz it 2 Taylor siries for small
periurhations Sh=oat the initial values, one olXuins: '

fae  MaM .

AP='{!!-P¢)“(;*‘2 (B.3)
(u® - 1)
Cae may :\ow'substimﬁe into BEq. (8.4 the appropriate expressions for the Ap's.
 For uesteady motion of a boedy in a supersonic flow field, ene must consider both the
instantaneous and the downwash appavent angle of turking do comypute the toirl force on
the flap. Thus, the apparent instantanesus angle of $he fAap is:
o) = 0+ a0 + ad @i, (B.G)

The angic e, is the mean angle, A0t is the actuzl instentanecus position of the fiap
relative to the mean position, and Y (t)ﬁ/ue is the dowmvash angular change of the
flow due to the moeving flap. For jquantities which vary with the tinve lag. one may ex-

pand the expression o obtaia:

0@ + AY = 0 + A0y + AG ) i/u, + a5 tha, (B-7)

The last terin in {B-"If is the accelerated Row 2ffect and will be ignored to remain con-
sistent with the initial assumptions.

if one expands Eq. (;B.:i) . in time, one obtains the followiug system of eguations:
AM = ¢ - [m{ t) + ax, ) + A -2 - [ ‘
oPp - P [ O+ 3 “hg(t)étj 2 v, - py[p, (©)

+ b, 1) At! 72+ @+ E) 8, By - By dpyg(/2

(B.8)



where the quantities €§ are the appropriate distances between the poritions on the Qlap-
STl Sl N T 2 T M S

The following equations define the-A quantities in {B.9):

6C : 2 .
ﬁt/ u,ul, 1. .2 hAy
Axp ~ ey 2 2 ‘cpn“i T T 26Gh (B.9)
Pr \ﬁ'ﬁhfsehﬂn
{8
§6C *
et oloir N, a5
sX + %
Pu R

: Ead, BT T
Ax w g (LR R
8 s{ 2ah 2uhy
Faly
A = - T§ tan 0
s 8

L\OR @ - af.\()w

g,
m/o
n

CAM a

A.,\*R s - AMRam

’Substituting Eqs. (B.5), (B.8), (B.7), and {B.9) into Eq. {8.8) yields a cumbersome
criteria for neutral stability. From this one sra deiermine the type of stability obseyved
for a particular motion of the ilap.

The above quantities may be interpreted with reference to Fig. B-1. pr(t) is-the
instantaneouz pressure change on the flap when {t is oscillatfng through the angle A0, (1),



From the small-angle apprexdimation in supersonic flow mad the fact that the disturbance
bas e travel only one bmndnry-iayer thickaces hefore it affects the {ree siroam, one
can state that the corresponding flap force {8 instantweaus and, conscquenily. will be -
damping. The quaniity, xn(t;l + A1), 12 the movement of the reattachment paint on
the flap. The pressure difference between the platesu 3nd the {inal pressure has been
designated Ap“ Both the position and the magmiade of the mmarbmmt pres re
involve quantities which chaiige immediately as woll as parta which are changerl because
the upstream paraneters « f the proglem have been altered st the sepiration paelnt. The
latter are termed: “upstivant cnmmunication effects.” The fiand change invoives the
plateau presswre. It is alfected by changing the conditions at the sepuruﬁﬁn point aud,
therefore, wili be lumped fato the time-lagged quantities.

The above model and ﬁutlmmntics are ex_ti'émely simplified versicns of thie actual
phenomenon, but is is ccnsistent with the assumptions used in derlving the initial “equa-
tion for u, Equatioﬂ (B-3). Differeutinting the resultant of expression {8.8) with
respect to Ad and selting it equal to zero determmes the phase lags, if any, that are
reqlured for neutmlly stable oscillations. The equmons gad the mathematical manipujau
tion iuvolved are rather complex, but some quantitative results indicate: that the most
adverse conditions exist when the tie-lag components are out of phase by one-haif cycle.
Therefore, {iepanding on the relative maguitudes of the &ho;.'e quaittities, gelf-sustained
oscillations are nossible with upstraam commanication time iags giving 1/4 to 3/4 cycle
phase lags. _

As-an example of the ahove method, one can compute the time lag and the frequency of
a scparated flow pocket in which the anguiar changes and secelerated fiow effects can
be ignored. In this case, the amplifying oscillations may vceur if the frequency of

ascillation and the separated flow pucket natural frequéncy concur.

The velocity profile assumed is:

1 l 2
| ~f
u/ue = @ = 3 {1+ erfn) ert" = f e dt
Q



g*here

4
LI

~

1
¢ = ;{{fe':’iz'Fc @}

The shear force i3 given by Nowlon'e relation

n = #%ln = Uy (%)g—fin (B.19)

If one agsume, an average-value for Th the form of the above equation reduces to
7o = Cmn,, where tho constant T bes the dimensions 1/length. The valur sssumed
for this example was

-1
™ = 0.4 u.e un(ft )

ave
and corresponds to a friction ceefficient

% 0.8¢
c, = D

fave ue

@Y

‘The exhaust —iilumeeenvelob@ of the Saturn-Apoolo launch vehicles causes exténéivo ‘
separated flow at high altitudes (Refs. 25 and 26 and Fig. B-2). Applying the approxi-
mate analysis descrihegl above glves o

Altitude = 150,000 ft f

opit, = 3+9 and 6.8 cps for top and bottom sides
T resgpectively °
Altitude = 180,060 ft f =. 9.0 and 5.5 cps for top and bottom sides

erit.

57



a.

-

6.109 ' i

H = 150,000 FT; M = 5.05; U ~ 5500 Fi/SEC

1.0

6.109 ~— : et

H = 180,000 FT; M = 6,15; U = 68600 FT/SECT -

rig. B-2- Saturn V Plume-Induced Seﬁarations



ln view of w%mi hias bean satd tn the main text about the vortical flow shw:m'a, the

above values are only approximate. As sush, however. they zsx}i@ﬁ.%: that there mum .
" be a coupling between the so ealled POGO-csailiations (Ref: 26) at ahout 8 cps and the - -
seporated flow posket, Tius could aise explain tho exvessive separated tow length at

It = 150,300 ft whers thy posket Erequeney is in the eritionl range. That is, the photo-
graph in Ref, 26 shows the penk extonts oi flow-geparatior amplitudes at l:he top and
botiore- aides. ¢
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